Polyomavirus transforms cells in culture and induces tumors in mice without apparent interaction with or inactivation of the p53 tumor suppressor protein. In this report we investigate the ability of polyomavirus T antigens to overcome the growth suppression function of p53. A temperature sensitive p53 gene was introduced into mouse embryo ®broblasts derived from a p53 null mouse, resulting in expression of a protein with a mutant conformation at 378C and a functionally wild-type conformation at 328C. We found that expression of p53 at 328C induced the cyclin-dependent kinase inhibitor p21/WAF1 and arrested cell growth in the G 1 /G 0 phase of the cell cycle. Only the under-phosphorylated form of the retinoblastoma tumor suppressor protein (pRB) was detected in these growth arrested cells. We introduced both polyomavirus large T (LT) and middle T (MT) antigens into this cell line and showed that LT overcame p53-dependent growth arrest, while MT did not. In cells grown at 328C, LT expession led to cell proliferation and phosphorylation of pRB in the presence of p21. A mutant LT containing a defective pRB binding domain failed to overcome the growth arrest, indicating that interaction of LT with RB proteins is required to override p53 function. Although the polyomavirus T antigens do not interact with p53 directly, our results indicate that the virus, through LT, is able to interfere with the growth suppressive activity of p53.
Introduction
The p53 tumor suppressor protein plays a critical role in suppressing cell proliferation and neoplastic transformation Donehower and Bradley, 1993; Levine, 1993) . Inactivation of the p53 gene frequently occurs during the development of both mouse and human neoplasia (Mowat et al., 1985; Hollstein et al., 1991) . A variety of mechanisms can lead to such functional inactivation, including mutation and interaction with viral and cellular proteins Mietz et al., 1992; Momand et al., 1992; Yew and Berk, 1992) . Wild-type p53 is thought to suppress oncogene-mediated transformation through its ability to induce growth arrest and/or activate apoptosis (Bates and Vousden, 1996) . A variety of signals, mostly associated with DNA damage, increase cellular p53 levels and elicit cell growth arrest in the G 1 phase of the cell cycle (Kastan et al., 1991; Lu and Lane, 1993; Di Leonardo et al., 1994) . In the absence of p53, cell cycle arrest is not seen and DNA damage leads to the genomic instability present in many tumors (Livingston et al., 1992; Yin et al., 1992) . Wild-type p53 expression may sometimes induce programmed cell death, depending on the cell type and expression of oncogenes such as myc and adenovirus E1A or radiation induced DNA damage (Debbas and White, 1993; Lowe and Ruley, 1993; Hermeking and Eick, 1994) .
The ability of p53 to activate transcription in a sequence speci®c manner is required for its growthsuppressive function (Crook et al., 1994; . It is thought that growth suppression is due in large part to the induction of the cyclin-dependent kinase inhibitor, p21/WAF1 (El-Deiry et al., 1993 Di Leonardo et al., 1994; Dulic et al., 1994) . Over-expression of p21 results in growth arrest in G 1 and in its absence p53 is unable to mediate growth arrest Deng et al., 1995) . The p21 protein binds to cyclin/cdk complexes and high concentrations of p21 inhibit the kinase activity of these complexes (Gu et al., 1993; Harper et al., 1993 Harper et al., , 1995 Xiong et al., 1993; Zhang et al., 1994) . One of the substrates for cyclin/cdk complexes is the family of retinoblastoma tumor suppressor proteins (pRB, p107, p130) (Hinds et al., 1992; Ewen et al., 1993; . Phosphorylation of pRB inactivates its growth suppressive activity (Weinberg, 1995) . Thus, it is thought that p53-dependent growth arrest is the result of inhibition of phosphorylation of the RB family of proteins by p21.
Polyomavirus is a DNA tumor virus capable of transforming and immortalizing cells in culture and inducing tumors in mice (Tooze, 1981) . The ability to immortalize primary cells and transform established cell lines is mediated by two viral antigens, large T (LT) and middle T (MT) antigen. MT, a membrane protein, is necessary and sucient for transformation of cells in culture (Treisman et al., 1981; Raptis et al., 1985) . MT induces transformation and tumorigenesis by its interaction with and activation of several cellular proteins involved in mitogenic signal transduction. It associates with members of the src family of tyrosine kinases and activates their kinase activity (Courtneidge and Smith, 1983; Bolen et al., 1984) . Phosphorylation of MT promotes its binding to the signaling molecules phosphatidylinositol 3-kinase (PI3-kinase), shc and phospholipase C (Whitman et al., 1985; Kaplan et al., 1986; Talmage et al., 1989; Campbell et al., 1994; Dilworth et al., 1994; Su et al., 1995) . LT is a nuclear phosphoprotein that induces cellular DNA synthesis and cell division, is responsible for immortalizing cells, and is necessary for viral DNA synthesis (Francke and Eckhart, 1973; Schlegel and Benjamin, 1978; Rassoulzadegan et al., 1983) . LT associates with pRB and this association is necessary for the induction of cellular DNA synthesis and immortalization of primary cells (Dyson et al., 1990; Larose et al., 1991; Freund et al., 1992 Freund et al., , 1994 Mudrak et al., 1994) . Several other DNA tumor viruses, including SV40, adenovirus, and human papilloma virus, encode proteins that associate with and inactivate both p53 and pRB (Sarnow et al., 1982; DeCaprio et al., 1988; Whyte et al., 1988; Werness et al., 1990) . Polyomavirus is unique among these DNA tumor viruses in that a direct interaction of its T antigens with wild-type p53 has not been detected .
In this report we investigate the ability of polyomavirus T antigens to overcome the growth suppression function of wild-type p53. Mouse embryo ®broblasts derived from p53-de®cient mice were stabily transfected with a murine temperature sensitive p53 gene. As previously described, the temperature sensitive p53 protein functions as a mutant protein at 378C and as a wild-type protein at 328C (Michalovitz et al., 1990; Martinez et al., 1991) . At 378C the p53 protein localizes to the cytosol and is complexed with the heat shock protein, hsp70. At 328C the protein is found predominantly in the nucleus, where it suppresses oncogenic transformation and reversibly arrests the growth of cells in the G 1 phase of the cell cycle (Michalovitz et al., 1990; Martinez et al., 1991) . Here we show that expression of the temperature sensitive p53 at 328C arrests cell growth in G 1 and induces expression of p21. Additionally, we found that the pRB in these growth arrested cells is hypophosphorylated. Coexpression of each of the T antigens with p53 in these cells revealed that only the LT antigen, and not the MT antigen, overcame the growth arrest induced by p53. LT antigen did not interfere with the p53 induced expression of p21, yet these cells continued to grow and contained phosphorylated forms of pRB. In genetic studies, a mutant LT containing a defective RB binding domain was unable to override the p53 dependent growth arrest, indicating that the LT-RB interaction is necessary for that function. These experiments support and extend the results of previous studies that have suggested that the RB family of proteins function downstream of p53 in the cell cycle regulatory pathway (Michalovitz et al., 1991; Vousden et al., 1993; Demers et al., 1994; Hickman et al., 1994; Quartin et al., 1994; Slebos et al., 1994) .
Results
Expression of temperature sensitive p53 at 328C arrests the growth of cells in G 1 /G 0 phase of the cell cycle Mouse embryo ®broblasts from a p53 de®cient mouse (Donehower et al., 1992) were transfected with a temperature sensitive p53 gene. Previous reports have shown that the protein expressed by this gene is predominantly in the mutant conformation at 378C, and at 328C the protein is functionally wild-type (Michalovitz et al., 1990; Martinez et al., 1991) . Growth of a cell line expressing the temperature sensitive p53 protein, M/tsp53, was compared to a control cell line, M/puro, derived from the same parental cells but expressing only the gene conveying drug resistance. We examined the growth of M/tsp53 and M/puro cells at the permissive (328C) and nonpermissive (378C) temperatures and determined the viable cell numbers at 1, 2, 4, and 6 days ( Figure 1a ). M/tsp53 cells grew at 378C but not at 328C while M/ puro cells grew at both temperatures. The growth rates of M/puro cells at both temperatures, and M/tsp53 cells at 378C were similar. These results indicate that expression of the temperature sensitive p53 arrested cell growth at 328C but did not dramatically alter the rate of growth at 378C.
The proportion of cells in each phase of the cell cycle was determined by analysing the DNA content of cells using propidium iodide staining and¯ow cytometry. The cell cycle distribution of M/puro and M/tsp53 cells maintained at 378C and 328C for 24 h is shown in Figure 1b . M/tsp53 cells at 328C were arrested predominantly in the G 1 /G 0 phase of the cell cycle; 74% of the cells were in G 1 /G 0 , 10% were in S, and 16% were in G 2 /M phases. At 378C, 48% of the cells were in G 1 /G 0 , 36% were in S, and 16% were in G 2 /M. The cell cycle distributions of M/puro cells, grown at both temperatures, and M/tsp53 cells grown at 378C were similar and is consistent with their continuous growth depicted in Figure 1a .
The level of p53 protein expressed by M/tsp53 cells at 378C and 328C was examined by Western blotting (Figure 1c ). High levels of p53 were expressed at both 378C (lane 1) and 328C (lanes 2 ± 4). The level of p53 decreased in cells maintained at 328C for increasing time. The blot was probed with antibodies to actin to con®rm that similar amounts of protein were loaded in each lane. The decrease in the amount of p53 at 328C over time may be due to dierences in the half-life of the protein. These results indicate that the temperature sensitive p53 is expressed in M/tsp53 cells at both temperatures and, as previously reported with other cell types, arrests cell growth in the G 1 /G 0 phase of the cell cycle when cells were maintained at 328C (Michalovitz et al., 1990; Martinez et al., 1991) .
Polyomavirus large T antigen overcomes p53 dependent growth arrest and middle T antigen does not
Unlike the proteins encoded by other DNA tumor viruses, the polyomavirus T antigens display no direct interaction with or stabilization of wild-type p53 protein . Middle T antigen, a membrane protein and major oncoprotein of the virus, causes phenotypic changes in cells indicative of neoplastic transformation by associating with a number of dierent signal transducing proteins (Benjamin and Vogt, 1990) . Large T antigen is a nuclear protein known to immortalize primary cells and induce cellular DNA synthesis through its interaction with pRB and pRB-like proteins (Dyson et al., 1990; Larose et al., 1991; Freund et al., 1992 Freund et al., , 1994 Mudrak et al., 1994) . To determine if the polyoma tumor antigens interfere with p53 dependent growth arrest, expression vectors containing large T and middle T antigen were introduced into M/tsp53 cells and clonal cell lines expressing each of the T antigens individually were isolated and studied. Growth characteristics of a cell line expressing the large T antigen (M/tsp53/LT) and a cell line expressing middle T antigen (M/tsp53/MT) were determined over a six day period at 328C. Figure 2a shows that at 328C, M/tsp53/LT cells grew while M/tsp53/MT and M/tsp53 cells did not grow. Analysis of the growth rates indicates that M/tsp53/LT cells grew more slowly at 328C than M/tsp53 cells grew at 378C, with doubling times of 35 h and 27 h respectively. This suggests that although LT is able to overcome p53 mediated growth arrest, it may not overcome all of the growth suppressive activities of p53.
We analysed the cell cycle distribution of T antigen expressing cell lines maintained at 378C and 328C for 24 h (Figure 2b ). M/tsp53/MT cells at 328C contained approximately 66% of the cells in the G 1 /G 0 phase of the cell cycle, 8% in S, and approximately 26% in G 2 / M. There was no indication that MT induced apoptosis under these conditions as determined by FACS analysis. This cell cycle distribution is similar to the one seen with the growth arrested M/tsp53 cells at the permissive temperature, with the exception of a slightly higher G 2 /M phase, which may re¯ect an additional block in the G 2 /M phase. M/tsp53/LT cells maintained at 328C contain 20% of the cells in S phase, 70% in G 1 /G 0 , and 10% in G 2 /M phase. These results suggest that M/tsp53/LT cells continue to cycle at 328C, but their rate of progression through the cell cycle decreases in the G 1 /G 0 phase compared to growth at 378C.
A Western blot of extracts from each cell line revealed that p53 and the appropriate T antigen were expressed at both temperatures ( Figure 2c ). As noted earlier, the amount of p53 is reduced in all cell lines grown at 328C compared to those grown at 378C. At 328C, the amount of p53 expressed in the growth Several independent cell lines were tested to avoid the possibility that results were due to single clonal variants. A total of nine large T-expressing clones and six middle T-expressing clones were examined, and each displayed similar growth characteristics and cell cycle distributions as M/tsp53/LT and M/tsp53/MT (not shown). These results demonstrate that expression of LT antigen overcomes p53 dependent growth arrest, while expression of middle T antigen is unable to override the inhibition of cell growth induced by p53.
Association of large T antigen with RB proteins is necessary to overcome p53 dependent growth arrest Polyomavirus large T antigen has been shown to associate with the retinoblastoma tumor suppressor protein (pRB) and pRB-like proteins (p107 and p130) (Dyson et al., 1990) . Genetic studies have indicated that these interactions are responsible for the ability of LT antigen to immortalize primary cell and induce cellular DNA synthesis (Larose et al., 1991; Freund et al., 1992 Freund et al., , 1994 Mudrak et al., 1994) . Other functions of the protein, such as induction of viral DNA synthesis, are mediated by separate domains of LT (Cowie et al., 1986; Gjorup et al., 1994) . We have expressed a mutant large T antigen in M/tsp53 cells that is unable to bind to pRB, to determine if association of LT with the RB proteins is required to overcome p53 dependent growth arrest. The growth properties of these cells, designated M/tsp53/LT demonstrated viral DNA replication. Cells not expressing large T antigen, M/tsp53, were unable to replicate the plasmid at either temperature, demonstrating that LT is necessary for viral replication. The vector without the viral origin of replication was not replicated in any of the cell lines (not shown), indicating that replication is dependent on the presence of the viral origin. These results clearly indicate that the mutant large T antigen expressed in M/tsp53/LT 7Rb cells retains the ability to support viral DNA replication. Interestingly, the results also suggest that viral replication requires both cell growth and LT, since M/tsp53/LT cells supported viral DNA replication at 328C, while the growth arrested M/tsp53/LT 7Rb cells did not.
Large T antigen does not interfere with p53 transcriptional activation of p21
The ability of p53 to induce growth arrest is correlated with its ability to function as a sequence speci®c transcriptional activator (Crook et al., 1994; Pietenpol et al., 1994) . One of the genes induced in response to p53 expression is the cyclin-dependent kinase inhibitor p21/WAF-1 (p21) (El-Deiry et al., 1993) . p21 inhibition of cyclin-dependent kinases has been shown to interfere with progression of the cell cycle, resulting in growth arrest at the G 1 /G 0 phase (Dulic et al., 1994; . We examined expression of p21 in all of the cell lines at both 378C and 328C. Figure 5 shows that only cells that expressed the temperature sensitive p53 and were cultured at 328C expressed p21. M/puro cells, which do not express p53, failed to express p21 at either temperatures (lanes 1 and 2) while M/tsp53 cells expressed p21 at 328C (lane 4) but not at 378C (lane 3). Similarly, at 328C, M/tsp53/LT cells (lane 6) and M/ tsp53/MT cells (lane 8) expressed p21. As indicated by the Western blot, M/tsp53, M/tsp53/LT and M/tsp53/ MT cells maintained at 328C expressed approximately equal amounts of p21. M/tsp53/LT 7Rb cells appear to express less p21 at 328C (lane 10) although the levels of actin suggest that less protein was loaded. These results indicate that the temperature sensitive p53 is able to induce expression of p21, and further supports the assumption that p53 is functionally wild-type at the permissive temperature of 328C. Additionally, this indicates that large T antigen does not interfere with expression of p21 and is able to overcome p53 dependent growth arrest in the presence of high levels of p21.
Hyperphosphorylated pRB is detected in cells expressing p53 and large T antigen
The underphosphorylated form of pRB is thought to negatively regulate progress through the cell cycle by sequestering and inactivating the transcription factor E2F (Chellappan et al., 1991; Hiebert et al., 1992; Flemington et al., 1993) . Cell cycle progression is associated with phosphorylation of pRB and is believed to cause the release and activation of E2F (Buchkovich et al., 1989; Chen et al., 1989; DeCaprio et al., 1989) . This suggests that p53 mediates growth arrest by inducing p21 and inhibiting the cyclindependent kinases that phosphorylate pRB. Polyomavirus large T antigen, as well as other viral proteins such as SV40 large T antigen, HPV E7, and adenovirus E1A, associate with underphosphorylated pRB and cause the release of transcriptionally active E2F Ludlow et al., 1989; Chellappan et al., 1992; Freund et al., 1992) . To explore the possible connection between the p53 induced expression of p21 and the ability of large T antigen to overcome growth arrest, we investigated the phosphorylation state of pRB in various cell lines. Cells were incubated at 378C and 328C and the level of pRB phosphorylation was assessed by its migration on SDS ± PAGE and visualized by Western blot analysis ( Figure 5 ). M/puro cells at 378C (lane 1) and at 328C (lane 2) contained slowly migrating, hyperphosphorylated forms of pRB. M/tsp53 cells contained hyperphosphorylated pRB at 378C (lane 3), but only fast migrating, hypophosphorylated pRB at 328C (lane 4). At 328C M/tsp53/MT and M/tsp53/LT 7Rb contained only hypophosphorylated pRB (lanes 8 and 10), while M/tsp53/LT cells contained both the hypo-and hyperphosphorylated forms of pRB (lane 6). These results demonstrate that growth arrest in the G 1 /G 0 phase of the cell cycle correlates with the appearance of hypophosphorylated pRB and the absence of hyperphosphorylated pRB. In addition, it indicates that a population of pRB is phosphorylated in cells expressing LT, p53, and p21 at 328C. This suggests that large T antigen expression overrides the p21 inhibition of kinase activity or activates another pRB kinase.
Discussion
The experiments reported here explore the interaction between polyomavirus T antigens and the p53 tumor suppressor protein. Unlike several other DNA tumor viruses, polyomavirus does not encode proteins that
-Actin 1 2 3 4 5 6 7 8 9 10 directly inactivate the p53 protein. We have shown that the polyomavirus large T antigen (LT) interferes with the growth arrest function of p53. In addition, we have found that association of LT with RB proteins is essential in overcoming p53 dependent growth arrest, further supporting the evidence that the RB family of proteins are components of the p53 growth suppression pathway.
This and other studies have shown that overexpression of wild-type p53 results in growth arrest of cells in the G 1 /G 0 phase of the cell cycle (Michalovitz et al., 1990; Martinez et al., 1991; Lin et al., 1992; Di Leonardo et al., 1994) . Growth arrest coincides with expression of the cyclin dependent kinase inhibitor, p21, and accumulation of underphosphorylated retinoblastoma tumor suppressor protein (pRB). This supports the premise that p53 dependent growth arrest results from expression of p21, which in turn inhibits the phosphorylation of pRB. Unphosphorylated pRB and other RB family members (p107 and p130) remain associated with the family of E2F transcription factors, inhibiting their ability to promote transcription of genes necessary for the G 1 to S phase transition (Chellappan et al., 1991; Hiebert et al., 1992; Flemington et al., 1993) .
Polyomavirus large T antigen associates with and is thought to inactivate the pRB proteins (Dyson et al., 1990; Larose et al., 1991; Freund et al., 1992) . This protein-protein interaction releases E2F, which allows its subsequent transcriptional activity (Mudrak et al., 1994) . Our results have shown that the association of RB proteins with polyomavirus LT prevents p53 from arresting cell growth. Expression of a mutant LT (LT 7Rb ), which contains a single amino acid change in the RB binding domain and is unable to bind RB proteins, does not overcome the growth arrest. These results con®rm and extend previous studies with other DNA tumor viruses that indicated an involvement of RB proteins in p53 mediated growth arrest (Michalovitz et al., 1991; Vousden et al., 1993; Demers et al., 1994; Hickman et al., 1994; Quartin et al., 1994; Slebos et al., 1994) . These studies showed that expression of an SV40 large T antigen, which contains an RB binding domain but does not associate with p53, and expression of HPV E7 and adenovirus E1A, which also associate with pRB, overcomes the growth arrest induced by p53.
Our results have shown that in the presence of LT, p53 induced p21 expression and cells contained both hypo-and hyper-phosphorylated forms of pRB. Large T antigen did not interfere with the ability of p53 to transcriptionally activate p21, or with the expression of the p21 protein. However, a population of pRB became phosphorylated even when high levels of p21 were expressed, indicating the presence of an active pRB kinase. This result suggests that LT interferes with p21 activity or induces a p21-resistant pRB kinase. LT may interact directly with p21, or may induce another protein(s) that inactivates p21. Thus, LT antigen not only inactivates the RB proteins but also allows their phosphorylation in the presence of p21. Both of these activities may be required to overcome p53 dependent growth arrest. Recently it has been reported that adenovirus E1A interacts with and inactivates the CDK inhibitor p27 KIP1 (Mal et al., 1996) . Additionally it has been reported that c-myc overcomes p53 growth arrest, possibly by inducing an inhibitor of p21 (Hermeking et al., 1995) . p53 growth suppression was not completely reversed by expression of LT in this system. At 328C, M/tsp53/ LT cells grew more slowly than cells expressing mutant p53 or those not expressing p53, indicating that in the presence of LT p53 was still able to suppresss cell growth, but not block it completely. This may be due to the non-physiological levels of p53 expressed in these cells. The high levels of p53 may prevent LT from completely overcoming the suppression of growth. Alternatively, p53 may mediate growth arrest through a combination of growth suppressive mechanisms and LT interferes with only a subset of these mechanisms. Further work is needed to distinguish these possibilities; however the results indicate that p53 mediated growth arrest is abrogated by LT.
In addition, we have shown that the major oncoprotein of polyomavirus, middle T antigen (MT), does not overcome p53 dependent growth arrest nor induce p53 dependent apoptosis. MT transforms cells in culture through activation of several mitogenic signaling pathways (Benjamin and Vogt, 1990) . Through the association of MT antigen with pp60 c-src and the resulting activation of its tyrosine kinase activity, MT associates with PI 3-kinase, shc, and phospholipase C (Bolen et al., 1984; Whitman et al., 1985; Kaplan et al., 1986; Talmage et al., 1989; Campbell et al., 1994; Dilworth et al., 1994; Su et al., 1995) . Studies have shown that middle T antigen induces expression of the early response genes, myc, fos and jun (Zullo et al., 1987; Schonthal et al., 1992) . Several experimental systems have suggested that growth stimulation signals concurrent with p53 growth arrest trigger an apoptotic response (Debbas and White, 1993; Hermeking and Eick, 1994; Lowe and Ruley, 1993; Wu and Levine, 1994) . The inability of middle T to induce apoptosis in the presence of high levels of p53 may be due to a variety of factors. The MEF cells may not express certain gene products that are necessary to support an apoptotic response, or MT may induce expression of survival or anti-apoptotic genes. Recent studies have suggested a requirement for the PI 3-kinase signaling pathway in preventing apoptosis (Yao and Cooper, 1995) . Our results suggest, however, that activation of c-src tyrosine kinase by middle T antigen, which deregulates signaling pathways and induces early response genes, is insucient to overcome the p53 mediated G 1 /G 0 cell cycle block.
In summary, we have shown that polyomavirus large T antigen overcomes p53 induced growth arrest. It accomplishes this in part by its association with and inactivation of the RB family of proteins. The data also suggest that LT antigen expression may overcome inhibition of cyclin dependent kinase activity, which results in phosphorylation of pRB. Further studies are needed to determine if large T antigen inactivates the CDK inhibitor, p21, or induces an RB kinase. Our results indicate that polyomavirus has evolved an indirect mechanism to overcome growth suppression by targeting the downstream eector molecules of p53. These novel molecular mechanisms may be functioning in non-virally induced cancers that retain wild-type p53 expression.
Materials and methods

Construction and maintenance of cell lines
A cell line expressing a temperature sensitive p53 protein (M/tsp53) was generated by transfecting a temperature sensitive p53 expression plasmid (pLTRp53cGval135) (Eliyahu et al., 1985; Michalovitz et al., 1990 ) and a puromycin selectable marker plasmid (pBabepuro) (Morgenstern and Land, 1990) into primary mouse embryo ®broblasts (MEF) derived from p53-de®cient mice (Harvey et al., 1993) . MEF cells were transfected with the puromycin selectable marker plasmid alone as a control (M/puro). Transfections were carried out using the calcium phosphate method and transformants were selected using 1.25 mg/ml puromycin (Sambrook et al., 1989) . Single colonies were picked, expanded, and screened for p53 expression by Western blotting. A single cell line was chosen and used to generate all other cell lines.
Cell lines expressing each of the polyoma T antigens along with the temperature sensitive p53 were created by infecting M/tsp53 cells with defective murine retrovirus containing the cloned T antigen gene (Cepko et al., 1984; Cherington et al., 1986) . The culture medium of cloned psi-2 cells containing retrovirus was ®ltered, supplemented with 8 mg/ml polybrene, and used to infect M/tsp53 cells. Infected cells were selected in medium containing geneticin (G418) at 1 mg/ml for approximately 2 weeks and single colonies were picked, expanded and assayed for T antigen expression. Cell lines expressing large T antigen (M/tsp53/LT), middle T antigen (M/tsp53/MT) and a mutant large T antigen (M/tsp53/ LT 7Rb ) were generated. LT 7Rb contains a cysteine to glycine change at amino acid 144, which has been previously shown to disrupt the LT:pRB association (Freund et al., 1992) .
All cell lines were routinely cultured in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 0.375% sodium bicarbonate, 100 units/ml penicillin, 100 mg/ ml streptomycin, and 10% calf serum in a 5% CO 2 incubator at 378C. Puromycin resistant cells were maintained in 1 mg/ml puromycin, and cells resistant to both puromycin and G418 were maintained in 1 mg/ml puromycin and 50 mg/ml G418. To express p53 in a wild-type conformation, cells containing the temperature sensitive p53 gene were incubated at 328C.
Growth assays
Cells were plated at 2610 4 per ml in a 24 well plate and incubated at 378C for 24 h. Plates were moved to 328C and viable cell number was determined after incubation for 24 h, 48 h, 96 h and 144 h. Cells were trypsinized and viable cell number was determined by counting cells that excluded trypan blue. The average number from three wells at each time point was recorded.
Flow cytometry
5610
5 cells were plated in 10 cm tissue culture plates and incubated at 378C for 24 h. Plates were transferred to 328C for 24 h and processed for propidium iodide staining as described (Gray and Cono, 1979) . Brie¯y, cells were ®xed in 80% ethanol, permeabilized with 0.5% Tween 20 and stained with 10 mg/ml propidium iodide in 100 units/ml RNAase and 0.1% NaN 3 for at least 2 h at 48C. A BectonDickinson FACscan and CELLQuest software were used to collect the data and Verity's ModFit LT software was used to analyse the data.
Western blotting
Cell extract was prepared by lysing cells in NP40 extraction buer (0.137 M NaCl, 0.02 M Tris-HCl pH 9.0, 0.001 M MgCl 2 , 0.001 M CaCl 2 , 10% glycerol, 1% NP40, 0.01 mg/ ml aprotinin, 0.005 mg/ml leupeptin, 0.1 mM sodium orthovanadate, 0.1 mg/ml PMSF). Cell debris was removed by centrifugation and protein quanti®ed by Bradford Dye Assay (BioRad) according to the manufacturer's directions. Equal amounts of total protein were separated on SDS polyacrylamide gels and electrophoretically transferred to nitrocellulose. Blots were probed with primary antibodies and appropriate secondary antibodies, washed as described (Harlow and Lane, 1988) , and antigen was detected by Amersham's ECL antibody detection kit. p53 was detected on Western blots with a mouse monoclonal antibody that recognizes both mutant and wild-type p53 (pAb240, Oncogene Science); actin was detected with I-19 (Santa Cruz Biotechnology); T antigen expression was detected with F4 (Oncogene Science), a mouse monoclonal antibody that recognizes the amino terminus of polyomavirus large, middle and small T antigens ; pRB was detected using the mouse monoclonal antibody, pAB245 (PharMingen); and p21 expression was detected with C-19 (Santa Cruz Biotechnology), a rabbit polyclonal antiserum.
Replication assays
A plasmid containing the polyomavirus origin of replication (Pori) was used to assay for large T antigen dependent replication of viral DNA. The polyomavirus DNA fragment from Bcl1 (nuc. 5021) to BstX1 (nuc. 173) encompassing the origin of replication (Tooze, 1981) was cloned into the pBS vector (Stratagene). 1 mg of Pori was transfected into M/tsp53, M/tsp53/LT, and M/tsp53/LT 7Rb cells using the DEAE dextran method (Sambrook et al., 1989) . After transfection the cells were incubated at 378C or 328C for 48 h and DNA was isolated by Hirt extraction (Hirt, 1967) . To remove unreplicated plasmid DNA, samples were digested with DpnI, which recognizes and cuts sequences that have been methylated by the bacterial enzyme, Dam methylase. DNA replicated in eucaryotic cells is not digested by DpnI. The remaining DNA was linearized with EcoRI and analysed by Southern blotting as described (Sambrook et al., 1989) . Digoxigenin labeled Pori was used as a probe and detected with antidigoxigenin antibody conjugated to chemiluminescence alkaline phosphatase (Boehringer Mannheim).
